The BaCo code ("Barra Combustible") was developed at the Atomic Energy National Commission of Argentina (CNEA) for the simulation of the behavior of a nuclear fuel rod under irradiation conditions. We present in this paper a brief description of the code and the strategy used for the development, improvement, enhancement and validation of a BaCo during the last 30 years. "Extreme case analysis", parametric (or sensibility), probabilistic (or statistic) analysis plus the analysis of the fuel performance (full core analysis) are the tools developed in the structure of BaCo in order to improve the understanding of the burnup extension in the Atucha I NPP and the design of advanced fuel elements as CARA and CAREM .The 3D additional tools of BaCo can enhance the understanding of the fuel rod behavior, the fuel design and the safety margins. The modular structure of the BACO code and its detailed coupling of thermo-mechanical and irradiation-induced phenomena make it a powerful tool for the prediction of the influence of material properties on the fuel rod performance and integrity.
INTRODUCCIÓN
The BaCo code (BaCo means "Barra Combustible", Spanish expression of "Fuel Rod") was developed at the Atomic Energy National Commission of Argentina (CNEA, "Comisión Nacional de Energía Atómica"). The development started at the end of the 70´s in order to cover the study of the fuel rod behavior under irradiation conditions [1] . The first studies were the analysis of the relative influence of the modeling in the simulation of the fuel rod behavior [2] . At present BaCo is part of the design of advanced PHWR [3, 4] and innovative PWR [5, 6] fuels. Likewise we are participating in the CRP FUMEX II of the IAEA ("Co-ordinated Research Project on Fuel Modeling at Extended Burnup II of the International Atomic Energy Agency) [7] among other tasks including teaching activities. At the beginning of the development we defined a clear strategy and some simple rules in order to keep the coherence and modular structure of the BaCo code. That strategy facilitates the change of the modelling, the incorporation of new issues of behavior, new options and alternate models.
In this paper we present that strategy for development, improvement, enhancement and validation of BaCo. We illustrate the different steps of the development by using selected examples where our code was extremely important. We shall expand the analysis of fuel performance in section 3, the fuel rod design in section 4 and the additional tools of BaCo in section 5.
THE BACO CODE

Briefings about BaCo
The BaCo code structure and models have already been described in reference [8] , including steady state and transient thermal analysis. Nowadays, the number of instructions is about twelve thousand FORTRAN 90 lines. Data post-processing and the coupling with 3D calculation using finite elements improve the output of BaCo and the analysis of results. The last versions of the code were developed at the DAEE Division (CAB, CNEA). We participated in several international programs concerning comparisons between codes and experiments [7, 9 and 10] . At present we are participating in the Co-ordinated Research Project on Fuel Modeling at Extended Burnup II organized by the International Atomic Energy Agency (IAEA) [7] . The BaCo modeling of the UO 2 pellet includes elastic deformation, thermal expansion, creep, swelling, densification, restructuring, relocation, cracks and fission gas release. For the Zry cladding, the code models elastic deformation, thermal expansion, anisotropic plastic deformation, and creep and growth under irradiation. The modular structure of the code easily allows us to input different material properties. It can be used for any geometrical dimension of cylindrical fuel rods with UO 2 (or MOX) pellets (either compact or hollow, with or without dishing) and Zry cladding. A special feature of the BaCo code is its complete treatment of the fuel with or without mechanical contact of the pellet surface and the clad, at any irradiation stage. It can model self standing clad sheets (like LWR and Atucha fuel rods [11, 12] ) or collapsible clad sheets (like CANDU and Embalse fuel rods [13] ), without special changes in the physical models triggered by the user input. BaCo includes excellent compatibility for PWR [9] , BWR [9] , WWR [7, 14] , MOX [15] and also experimental fuels [7, 9] . Fuel rod power history and either cladding or coolant outside temperatures must be given to the program. Rod performance is numerically simulated using finite time steps (finite differences scheme). The code automatically selects time steps according to physical criteria. Temperature profiles within pellet and cladding, main stresses at pellet and cladding, radial and axial crack pattern in the pellet, main strains and hot geometry of pellet and cladding, change in porosity, grain size and restructuring of the pellet, fission gas release to the free volume in the rod, trapped gas distribution in the fuel and in the UO 2 grain boundary, internal gas pressure and current composition of the internal gas and dishing shape evolution, are calculated. The output contains the distribution along the rod axis of these variables. The details of the mechanical and thermal treatment and the pellet, cladding and constitutive equations are available in reference [8] and a brief description of the code is included in reference [16] . Nevertheless the brief description of the code mentioned above is the result of an extensive work where too many issues were taken into account. Some of those issues were:
• the choice of the language (FORTRAN, C, java, etc.), compiler, software tools for post processing, operative system, hardware (microprocessor and platform), etc,
• the unit system to be used in the code (MWd/tonUO 2 or MWd/tonU, °C or K, etc.),
• the definition of a roadmap with several stages in order to focus the development on particular objectives (or milestones), • an identification of our needs (for BaCo it was PHWR at the beginnings, PHWR & PWR at present, HiBu in the near future), • the selection of the main issues of fuel rod behavior modeling to be included in the code, • the arrangement of a basic data base of irradiation with the main fuels of our needs, and soon.
Strategy and Milestones of a fuel code
The development of a complex tool as a code for the simulation of a nuclear fuel rod imposes several steps [17] . We defined three main steps for the BaCo code. Nevertheless we can find strong results at the end of the first step. The figure 1 is a roadmap for the development and continuous improvement of BaCo. The plot is the concatenation of three loops where the end of each one could modify the previous ones. The first step is the tuning of the mathematical procedures, the fuel behavior models and a narrow set of selected experiments. This process includes: i) The outlines of the problem to solve.
ii) The mathematical approach to the problem in order to define an algorithm which enables it to be calculated by an analytical procedure or numerically. iii) To test the method's convergence.
iv) The selection of the issues of behavior that we shall include in the code. Here we are selecting the most representative physical models. We start with simple issues as elasticity and thermal behavior and we shall include new ones with a new loop inside the first step taking into account that the modeling could modify the mathematical approach (i). The first models included in the BaCo code were from the EPRI [18] , MATPRO [19] and Olander [20] . The flux diagram included in the figure 2 shows the strong coupling among the different issues of fuel rod behavior. Each block included at least one model of fuel behavior and this is the starting point of the code programming. Usually each item of the diagram is a subroutine or a couple of subroutines. We can produce the initial version of the code without all the items. The foresight of the inclusion of all the issues of behavior in the flux diagram of the code will be valuable in order to facilitate the programming of new aspect of behavior and the understanding of the relative influence among the models. v) To compare the predictions of the code by using selected experiments with very well defined parameters. Then we introduce the concept of flexibility of the algorithm of the simulation in order to accommodate the boundary conditions of each particular case. This is the end of the first step or at least the definition of a new loop into the first step. Here we are starting to find valuable results including the case of the needs of a new loop. At this point we have a "code".
The procedures (ii) to (iv) constitute a cycle not strictly close because we can go to the 2 nd step of applications. Then we are using the code for technological outstanding situations. The chance to pass from the 1 st step to the 2 nd one depend on the fact of to complete at least one time the way from (i) to (v) taking into account that the mathematical coherence of the code was established and it exist an adequate user's manual with the documentation of models, approaches and computer procedures.
When the procedure (ii) to (iv) is a success then the point (v) can include the participation on international benchmarking of fuel codes in order to test the accuracy of our results of calculation. Those tests are a set of exercises with the participation of different codes of several countries. We compare the performance of an individual code against the experimental result plus the PIE and/or the results of the other participants. The cases to simulate are: a) blind exercises where the user do not know the experimental performance of the fuel rod, as it was in the CRP FUMEX I [9] , the evaluation of the EPRI [18] and the D-COM [21] , b) exercises where we know the experimental results, as in the CRP FUMEX II [7] , c) ideal or very simplified experiments for code comparison where the main idea is the analysis of the relative influence of the models and the fuel parameters, as in the CRP FUMEX I and II.
The point (v) of the roadmap is the beginning of the second step when we start with the practical applications of the code. Here we can: vi) Assist in the definition of the parameters of an experiment of fuel rod irradiation. BaCo participated in the irradiation of our first PHWR MOX fuel irradiated at the Petten reactor, Nederland [15] . vii) Analysis of the performance of commercial fuel rods and the verification of the fuel design (as we presented in the reference [4] where we analyzed the SEU fuels of the Atucha I NPP). viii) Design of original fuel elements. BaCo is used for the design of the CARA fuel [22] , a new fuel for our CANDU, Atucha I and II reactors, and the fuel for the CAREM reactor [5] , an innovative small PWR reactor [23] . ix) Design of the experimental irradiations in order to verify the original designs of (viii). At present we are defining the experiments of irradiation of the CARA fuel [25] . Each one of the items of the 2 nd step in the roadmap could modify the models included in the code or could need a comparison with experiments. Then a new loop in the 1 st step could be produced.
After the finish of the 2 nd step we can initiate a new loop in order to enhance the code starting activities of the extension of its field of application. This step is a fact when a new challenge is presented as the burnup extension of the present PWR or PHWR NPPs and/or the innovative reactors needs advanced fuels. The new design could demand new models, reprogramming, additional computer tools and/or to define the experimental support. The simulation of the fuel behavior with "ab initio" models is the challenge in order to strongly extend the applicability of the codes [26] . At this step the coupling of the models of the figure 2 could change in order to needs a new formulation of the mathematical approach of the 1st step. The result could be a new version of the code with a deep change from the original formulation and we have to start a new loop with the roadmap of the figure 1. A previous step before the intention of a new code or a new release could be the programming of "additional tools" as the software package for 3D calculations [14, 24] or the "statistical" improvements for advanced fuel designs [11, 28] . Here the intentions is to prepare the new models and/or subroutines but not coupled at all in the original code in order to test the convergence and the weak and strong points of the development. 
Experimental Support
We mentioned in some items of the previous sections the needs of an experimental support of the modeling, the calculations and the fuel design. That does not mean to fulfill an "ad hoc" experiment. The experimental support can be done by: a) the open literature, b) the searching of experiments at the "International Fuel Performance Experiments" (IFPE) database of the "Organization for Economic Co-operation and Development" (OECD) [27] , c) the participation at international benchmarking as we mentioned in the previous section where the irradiations used for evaluation are very well selected experiments [7, 9, 18, 21] , d) to be a part of the international programs of irradiation where we could share the cost of the experiments by the finding of mutual needs, e) to be a member of an international project of irradiation as the Halden Reactor Project ("HRP") of the OECD. Finally the last choice is to perform the experiment. Nevertheless the code will be a frame to define the power history and the parameters of the experiment after the analysis of similar irradiations and simulations. With this tool we reduce the number of experiments which together with the code results will constitute the complete description of the fuel behavior.
FUEL PERFORMANCE ANALYSIS
The analysis of the performance of commercial fuels begins with the study of normal cases. Afterwards we continue the analysis with fuels under demanding conditions of operation. The main objectives of these works are the improvement of the fuel design and the review of the rules of the management of the fuel. BACO allows the calculation of a complete set of irradiations of the same fuel design and the calculation of a complete core. We illustrate the performance analysis with the study of the first SEU ("Slightly Enrichment Uranium") core of the Atucha I NPP [4] . Using the detailed power history of all the fuel elements, BACO was used to calculate the fuel behavior indicators, like stresses, temperatures, dimensions, pressures and gasses releases. The figure 3 presents the maximum hoop stress reached at the inner surface of the cladding for each fuel rod during each individual irradiation, and the average hoop stress values increase slightly with burnup and change from ~60 to ~40 MPa depending on burnup.. All the fuels are good enough under the σ SCC value to produce a failure due to PCI-SCC (σ SCC = 170 MPa). Just one fuel present stress reversal. The rest of the fuels are under compression during the irradiation. The figure 4 includes de maximum pellet temperatures. All the fuel presents a maximum temperature below ~1900°C with an average value of 1700ºC which decreases on burnup. We could expect columnar grains at the pellet centre of the fuel and for a few pellets a small hole. The values are acceptable for Atucha fuel, because it is a relative thick pellet as compared with other self standing rods like present PWR and BWR. 
FUEL ROD DESIGN WITH BACO
Fuel rod design with codes is the analysis of the best parameters to be used in the fuel element in order to improve the fuel performance, the economics and the safety margins. Parameters are the properties of the materials to be used, the nominal geometrical dimensions of fuel rods and the tolerances taken into account in the manufacturing process. We can understand the tolerances as the uncertainties of the nominal values including the statistical dispersion. In order to enhance the fuel rod design we use three different techniques for sensitivity analysis: iv) The experimental support of the fuel design.
Extreme Case Analysis
The "extreme cases analysis" consists in finding which combination of fuel rod parameters (code input data) produces the worst situation about fuel rod behavior. With this analysis we could define the tolerance of the fuel rod parameters. This technique is the first step in order to define the as-fabricated tolerances of the fuel element. The purpose of this analysis is considering how the combination of assumed extreme rod dimension conditions, within reasonable tolerance for its fabrication, can affect performance (such as maximum stress, maximum strains, extreme temperatures, etc.). As an example we define two extreme situations: i) a rod with the largest gap between pellet and cladding compatible with the as-fabricated tolerances (see figure 5) , and ii) a rod with the smallest gap (see figure 6 ). The first situation should have to rise up the maximum temperature in the fuel, and the second one should have to produce the maximum stress between pellet and cladding. 
Parametric (or sensibility) Analysis
The "parametric analysis" is the study of the individual influence of each fuel rod parameter in the fuel rod behavior (temperatures, stresses, deformations, pressures, etc.). With this analysis we find the correct weight of each fuel rod parameter in order to understand the fuel behavior with a far and wide scope. This technique is the second step in order to tune the as-fabricated tolerances with an engineering overview especially when we are designing fuel elements. A parametric analysis is represented at the figures 7 and 8. We analyze the relative influence of the dishing parameters of a CARA fuel at the maximum power during the first reshuffling in Atucha I NPP. We are finding the weight of the different rod parameters in order to identify its proper influence on fuel behavior [28] . Figures just include the most significant parameters of the present calculation: dishing depth, dishing radius, UO 2 density, and/or plenum volume. For illustrative purposes we vary the parameters between a minimum and maximum reasonable values. The figures sketch the BACO results for the hoop stress (see figure 7 ) and gas pressure (see figure 8) . We find that the dishing depth is the most relevant fuel parameter in order to reduce the hoop stress at the cladding (see Figure 7) . Figure 8 shows the high influence of dishing depth for the gas pressure taking into account its contribution to the free volume, nevertheless the volume plenum is associated to the pellet stack and fuel length with a narrow band of variation. See bellow the figure 12 where a picture of a CARA fuel for the Atucha I NPP is included. 
Probabilistic (or statistic) Analysis
The "probabilistic analysis" is a Monte-Carlo (M-C) technique, which combine several random fuel parameter input data with its statistical distribution. Each probable input data could be a real fuel rod, and the series of M-C calculation have a significant impact on the calculated results. A BACO´s probabilistic analysis of power fuel reshuffling have been performed for the Atucha I NPP [29] , where we analyzed the susceptibility of hoop stress during fuel reshuffling at different powers and burnups. Here we reproduce the recommendation of the designer for fuel reshuffling with simplified rules. The fuel for the Atucha I NPP with natural UO 2 is analyzed in the reference [11] , the same one with SEU is analyzed in reference [12] and, the fuel for the EMBALSE NPP (CANDU type, Argentina), is analyzed in reference [13] .
As an example of this procedure we calculate the pellet centre temperature of a SEU fuel rod of the Atucha I NPP. The normal calculations are performed using standard values. Nevertheless, the strong demanding conditions during irradiation could produce local failures due to the as fabricated tolerances. The BACO code allows a probabilistic analysis taking into account the standard values of the fuel parameters with their as fabricated tolerances and their statistical distributions. The figure 9 includes the sensitivity analysis results for the pellet centre temperature. There is a temperature band less than 200°C of uncertainty after reshuffling. This band does not mean a big change in pellet grain morphology and the pattern of cracks. In fact we find two bands, an upper wide band without pellet cladding contact and a narrow band at the bottom of the calculated curves where pellet cladding contact is present. The difference in the wide of the bands is due to the uncertainty in the gap size (and then the uncertainty in the gap conductance). The points at the upper band are disappearing when burnup increase and PCI is done, then the curve jump to the narrow bottom band and the uncertainty in gap conductance is a minimum. Note that the standard calculation and the curves with the main values are not the same (see figure 10 ). Standard calculation after the fuel reshuffling results equal to the minimum values of the sensitivity analysis results. 
Experimental Support
The final procedure is the experimental support of the fuel design. Here we identify a few steps: Nevertheless the result of the previous step could be that we do not need to perform an irradiation experiment in order to test the fuel rod or at least a strong reduction of the number of irradiations.
As an example of the application of the BaCo code in the fuel rod design of advanced fuels we present in the figure 11 a ceramography of a PHWR MOX prototype irradiated in the Petten reactor [15] . The preparation of the irradiation, the analyses of the performance and the PIE were made with BaCo. The figure 12 shows the CARA fuel for the Atucha I NPP [22] . This fuel was designed by using the BaCo code as the main tool following the previous steps of this section. 
BACO TOOLS
Batch programming
At this point we mention that the full core performance, the parametric and the probabilistic analyses are the result of careful programming of the code in order to produce calculations in batches. Nevertheless this simple technique can produce valuable information as we presented in the sections 3, 4.2 and 4.3.
"3D" Enhancement of BaCo
We enhanced the BaCo performance with a complete set of "ad hoc" software package named the MeCom tool. The coupling of BaCo, a quasi 2D code based on a finite differences scheme, and the 3D MeCom tools, based on the method of finite elements, constitutes a complete system for 3D analysis of the stress-strain state of a nuclear fuel under irradiation [14, 16, 22 and 24] . The boundary conditions, the initial geometry and the fuel parameters among others are provided for the BaCo code. The MeCom tools follow the same roadmaps of figures 1 and 2. At present the models included in MeCom are elasticity, thermal expansion and UO 2 cracks. Then the issues of the figure 2 are reduced in number but they are taken into account in the boundary conditions provided by BaCo. We find the stresses and the radial profiles of a fuel rod and the shape of the cracked pellet under irradiation showing the bamboo effect and others 3D effects as the presence of the secondary ridge. We mention: a) the reduction of the deformation of hollow pellets, b) the absence of ridging when conic shapes are used, c) the increment of ridging when a dishing is present, d) the reduction of ridging due to chamfers, and e) the trends of radial deformation by the variation of l/d (height / diameter of the pellet), as interesting examples by using BaCo + MeCom. Typically we calculated a pellet ridge height of ~10 µm in good agreement with the PWR fuel. Commercial, innovative or unusual pellet shapes can be analyzed by using this package. The results show a good agreement between experimental data and calculations particularly for the pellet radial profile after irradiation. With this tool we enhance the safety margins of the pellet parameters as shoulder, dishing and central hole among others. We illustrate our 3D results with the analysis of hollowed pellets as the WWER fuels. The figure 13 shows the mesh for calculation and the corresponding stresses. The figure 14 shows the deformations and the radial profile. The experimental support of this calculation was made by using HRP data and we can find how the presence of the central hole is enough to reduce the radial deformation, the radial stresses, the pellet ridging and the height of the ridges [14] . 
CONCLUSIONS
The strategy of the development and the continuous enhancement of the BaCo code were presented together with direct applications in the area of design of advanced nuclear fuels, performance analysis of commercial fuels and 3D enhancement of nuclear fuel modeling. We sketched those issues by listing the rules at the starting point of the development of a code and the roadmaps of figures 1 and 2 in order to clarify the different steps that we follows for the development, improvement, enhancement and validation of the BaCo computer code. "Extreme case analysis", parametric (or sensibility), probabilistic (or statistic) analysis plus the analysis of the fuel performance (full core analysis) are the tools developed in the structure of BACO in order to improve the understanding of the burnup extension in the Atucha I NPP and the design of advanced fuel elements as CARA and CAREM. Then we can understand the relative influence on fuel rod behavior of the parameters and to enhance the fuel design by using the BaCo code.
The coupling between 3D application and quasi-bidimensional codes can enhance the understanding of the fuel rod behavior as it was shown in the analysis of the hollowed pellets. The modular structure of the BACO code and its detailed coupling of thermo-mechanical and irradiation-induced phenomena make it a powerful tool for the prediction of the influence of material properties on the fuel rod performance and integrity.
